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Description 

This  invention  relates  to  a  compensation  circuit  for  a  sensor  to  correct  temperature  and  more  particularly  the 
compensation  circuit  with  specifically  selected  resistors  for  temperature,  fixed  and  other  characteristics  of  the  sensor. 

5  Blood  pressure  transducers  or  probes,  consisting  of  miniature  sensors  mounted  on  the  distal  end  of  a  catheter, 
are  commonly  used  to  measure  blood  pressure  in  patients.  The  advantages  of  this  type  of  blood  pressure  sensing 
include  greatly  increased  signal  fidelity  and  frequency  response.  Numerous  methods  of  fabricating  the  sensors  have 
been  developed.  One  common  method  uses  a  piezoresistive  technique,  where  one  or  more  resistors  are  deposited 
on  a  pressure  sensitive  silicon  diaphragm.  These  resistors  are  usually  connected  in  a  Wheatstone  bridge  configuration, 

10  although  other  configurations  are  also  used. 
A  common  method  of  fabricating  piezoresistive  pressure  sensors  typically  includes  the  placement  of  an  additional 

temperature  sensing  element  on  the  same  chip  in  close  proximity  to  the  pressure  sensing  resistors.  Temperature  sens- 
ing  devices  are  needed  due  to  the  tendency  of  piezoresistive  bridge  sensors  to  exhibit  changes  in  output  with  increasing 
or  decreasing  temperature.  Their  function  is  either  to  act  in  a  manner  which  opposes  the  temperature  characteristics 

is  of  the  sensor,  or  to  provide  a  signal,  proportional  to  the  chip  temperature,  to  external  circuitry  which  corrects  the  tem- 
perature  characteristics  of  the  sensor  signal  outputs. 

In  addition  to  the  temperature  characteristics  described  above,  the  sensors  normally  have  unwanted  fixed  offset 
signals  at  zero  pressure,  of  varying  magnitude  from  device  to  device,  and  also  have  variations  in  their  sensitivity  to 
pressure.  These  variations  in  offset  and  sensitivity,  as  well  as  the  variations  in  the  temperature  characteristics,  must 

20  be  individually  adjusted  in  each  device  by  a  process  known  as  "trimming".  The  name  derives  from  the  most  common 
process  of  performing  this  adjustment,  namely  the  use  of  a  laser  to  change  the  resistance  of  particu  lar  sensor  elements, 
or  of  other  passive  or  active  circuit  elements  connected  in  a  network  about  the  sensor  to  effect  the  desired  changes 
at  the  sensor's  signal  outputs. 

The  trimming  process  can  include  the  programming  of  a  digital  memory  device  as  a  part  of  a  sensor  assembly, 
25  said  sensor  assembly  including  the  sensor  and  mechanical  and  electrical  connections  required  for  operation.  Informa- 

tion  in  the  digital  memory  device  is  retrieved  later  by  a  digital  processing  circuit  designed  to  receive  the  signal  output 
from  the  sensor  at  the  time  of  use,  and  mathematically  removes  the  unwanted  variations  in  the  signal  outputs  based 
upon  the  information  stored  in  the  digital  memory  device. 

A  particular  application  for  catheter  tip  sensing  requires  that  the  size  of  the  sensor,  and  also  the  number  of  wire 
30  connections  to  the  diaphragm  be  kept  minimum  due  to  overall  size  constraints  of  that  application.  Little  room  exists  for 

additional  circuit  elements  in  close  proximity  to  the  pressure  sensor  and  the  number  of  electrical  connections  to  the 
sensor  is  limited.  It  is  difficult  to  integrate  digital  memory  elements  on  the  same  silicon  chip  as  the  pressure  sensor, 
due  to  incompatibilities  in  processing  techniques. 

In  the  manufacture  of  medical  transducers,  there  is  an  increasing  trend  toward  disposable  devices  with  lower  risk 
35  of  infection  and  which  are  convenient  for  clinics  and  hospitals  to  use,  since  there  is  no  need  to  sterilize  the  devices.  In 

order  for  disposable  devices  to  be  practical  they  must  be  inexpensive  to  manufacture.  In  the  case  of  a  disposable 
transducer,  this  means  that  the  cost  of  the  circuit  elements  (sensor  and  trim  circuit)  in  the  disposable  portion  of  the 
product  must  be  minimized,  and  the  processing  time  to  perform  the  trim  operation  must  be  kept  short. 

Temperature  compensation  methods  for  pressure  transducers  have  been  described  in  U.S.  Patents  3,841,150, 
40  3,956,927,  3,836,796,  4,556,807,  3,646,815,  3,841,150,  4,196,382  and  4,320,664.  Separate  temperature  sensing  de- 

vices  on  the  chip  achieve  compensation.  Methods  which  involve  the  use  of  digital  or  microprocessor  computing  circuits 
to  compensate  the  pressure  signal  have  been  described  in  U.S.  Patents  4,226,125,  4,399,515,  4,446,527,  4,598,381, 
4,765,  1  88,  and  4,858,61  5.  Those  methods  and  circuits  reduce  the  time  required  to  trim,  since  the  error  terms  inherent 
in  the  sensor  are  stored  in  an  easily  programmed  non-volatile  digital  memory.  Since  the  error  terms  are  unique  to  each 

45  sensor,  this  requires  that  a  digital  memory  device  be  programmed  and  be  a  part  of  each  sensor  assembly.  This  increases 
the  cost  and  the  number  of  electrical  connections  necessary  between  the  transducer/memory  assembly  and  its  receiv- 
ing  amplifier  circuit.  All  of  these  techniques  also  require  an  independent  temperature  sensing  element  or  reference 
element  in  addition  to  the  pressure  sensor. 

U.S.  Patent  4,715,003  describes  a  technique  of  exciting  the  bridge  with  a  constant  current  source,  and  using  the 
so  voltage  at  the  power  input  to  the  bridge  as  a  direct  indication  of  bridge  temperature,  without  additional  temperature 

sensing  elements.  This  technique  however  also  relies  on  the  use  of  digital  circuitry,  and  a  digital  memory  device  pro- 
grammed  with  unique  correction  constants,  and  is  subject  to  the  limitations  described.  Other  techniques  for  compen- 
sating  piezoresistive  bridge  sensors  use  passive  resistor  networks  having  negligible  temperature  coefficients  with  re- 
spect  to  the  temperature  coefficient  of  the  bridge  sensor  resistors.  As  a  result,  the  placement  of  the  network  close  to 

55  the  bridge  sensor  is  not  of  concern.  Resistor  networks  are  connected  to  the  bridge  in  various  series/shunt  combinations, 
with  particular  values  adjusted  to  achieve  the  desired  result  at  the  signal  outputs  of  the  bridge. 

Networks,  when  combined  with  the  resistors  in  the  bridge,  form  complex  circuits  which  cannot  be  easily  solved  to 
determine  the  appropriate  resistance  values  for  a  given  amount  of  offset  and  temperature  compensation.  It  is  a  property 
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of  networks  that  an  adjustment  for  temperature  compensation  affects  the  fixed  offset  or  gain  at  the  signal  outputs,  and 
vice  versa.  As  a  result,  the  trimming  of  these  devices  is  an  iterative  process,  in  that  the  response  of  the  sensor  must 
be  reverified  one  or  more  times  during  trimming  to  achieve  the  desired  correction. 

U.S.  Patent  3,447,362  discloses  a  technique  as  described  in  the  two  previous  paragraphs,  where  the  interactions 
5  between  error  sources  during  the  trim  process  are  minimized,  and  the  resistance  values  required  for  compensation 

can  be  determined  by  algebraic  formula.  This  technique  requires  an  open,  or  broken,  connection  at  one  of  the  four 
bridge  nodes,  so  that  resistance  is  inserted  within  two  of  the  bridge  arms.  This  requires  an  additional  wire  connection 
on  the  sensor,  adding  to  fabrication  costs  and  increasing  the  surface  area  of  the  sensor  needed  for  wire  terminations. 
The  need  exists  for  a  simple  analog  temperature  compensation  technique  which  minimizes  the  number  of  unique 

10  resistors  and  adjustments  necessary  to  achieve  compensation  but  does  not  require  additional  temperature  sensing 
elements  or  special  sensor  connections  and  for  a  method  that  can  be  performed  in  a  fast  and  non-iterative  manner. 

EP-A-0  071  962  discloses  a  pressure  transmitter  employing  nonlinear  temperature  compensation.  In  response  to 
a  temperature  signal  produced  by  a  resistance  bridge  consisting  of  strain-sensitive  resistors,  a  control  signal  is  gen- 
erated.  The  power  supply  coupled  to  receive  the  control  signal  is  responsive  thereto  for  changing  the  current  supplied 

is  to  the  bridge  so  that  compensation  is  thereby  provided  for  errors  in  the  pressure  measuremet  caused  by  changes  in 
the  temperature  of  the  bridge  resistors. 

Patent  Abstracts  of  Japan,  Vol.  6,  No.  116  (P-125);  June'  82  and  JP-A-57  044  830  describe  a  temperature  com- 
pensation  circuit  in  which  the  input  voltage  variation  of  the  bridge  circuit  gives  a  temperature  sensing  signal.  The 
temperature  sensing  signal  and  the  output  signal  of  the  bridge  circuit  are  stored  in  RAM  for  digitally  performing  the 

20  temperature  compensation. 
Further,  Patent  Abstracts  of  Japan,  Vol.  13,  No.  180  (P-864)  (3528)  April'  89  and  JP-A-11  0  142  describe  a  zero- 

point  and  temperature  compensation  circuit  for  a  Wheatstone  bridge  in  which  the  voltage  developed  between  the  inputs 
of  the  bridge  and  the  voltage  obtained  by  inverting  the  polarity  of  the  input  voltage  are  put  together  by  a  variable  resistor. 
On  the  other  hand,  the  output  signal  of  the  bridge  is  amplified  by  an  amplifier,  whose  output  voltage  and  the  output 

25  voltage  of  the  variable  resistor  are  summed  and  amplified.  The  variable  resistor  is  used  to  provide  either  offset  correction 
or  temperature  correction  but  not  both  types  of  correction  independently  at  the  same  time. 

It  is  an  object  of  the  present  invention  to  provide  a  simple  analog  temperature  compensation  circuit  which  minimizes 
the  number  of  unique  resistors  and  adjustments  necessary  to  achieve  compensation  but  does  not  require  additional 
temperature  sensing  elements  or  special  sensor  connections  and  for  a  method  that  can  be  performed  in  a  fast  and 

30  non-iterative  manner. 
This  problem  is  solved,  according  to  the  invention,  with  the  features  of  claim  1  and  5,  respectively. 
A  preferred  embodiment  of  a  compensation  circuit  for  a  resistance  bridge  with  a  power  input,  a  ground  reference 

and  signal  outputs  including  a  positive  signal  output  and  a  negative  signal  output  of  the  resistance  bridge  corrects  for 
errors  in  a  response  across  the  signal  outputs  of  the  resistance  bridge.  The  compensation  circuit  most  preferably  has 

35  an  offset  reference  generator  to  receive  a  fixed  circuit  reference  voltage  for  generating  a  reference  offset  voltage. 
A  voltage  controlled  current  source  connects  across  the  power  input  and  the  ground  reference.  The  voltage  con- 

trolled  current  source  may  have  a  bridge  excitation  output  current  directly  proportional  to  the  fixed  circuit  reference 
voltage.  A  buffer  amplifier  with  a  buffer  input  connects  to  the  power  input;  the  buffer  amplifier  is  preferably  a  voltage 
follower  generating  a  buffer  output  voltage  proportional  to  the  power  input  voltage.  An  instrumentation  amplifier  with 

40  positive  and  negative  terminals  connects  to  the  positive  and  negative  signal  outputs  respectively  to  generate  an  initial 
output  proportional  to  the  response  therefrom.  A  programmable  gain  amplifier  receives  the  initial  output  from  the  in- 
strumentation  amplifier  and  provides  a  compensated  output  which  is  independent  of  the  resistance  bridge  pressure 
response.  A  gain  correction  part  of  the  compensation  network  adjusts  the  gain  of  the  programmable  gain  amplifier  to 
correct  for  variations  in  the  resistance  bridge  pressure  response. 

45  A  compensation  network  preferably  includes  an  offset  correction  part  to  receive  the  buffer  output  voltage  and  the 
ground  reference.  The  compensation  network  may  generate  an  initial  offset  current  in  response  to  the  buffer  output 
voltage  and  may  vary  proportionately  with  the  resistance  bridge  temperature  change  providing  a  temperature  depend- 
ent  part  of  the  initial  offset  current. 

An  offset  correction  amplifier  receives  the  initial  offset  current,  the  buffer  output  voltage  and  the  fixed  circuit  refer- 
so  ence  voltage  and  generates  a  correction  signal  to  counteract  offset  errors  in  the  signal  outputs.  The  buffer  output 

voltage  and  the  initial  offset  current  vary  proportionately  to  temperature  change  in  the  resistance  bridge  and  thereby 
provide  a  temperature  dependent  part  of  the  correction  signal.  A  reference  input  of  the  instrumentation  amplifier  may 
receive  the  correction  signal  and  modify  the  initial  output.  The  offset  error  preferably  has  a  fixed  part  and  a  temperature 
dependent  part  which  are  counteracted  within  the  offset  correction  amplifier  by  the  interactions  of  the  buffer  output 

55  voltage,  the  fixed  circuit  reference  voltage  and  the  initial  offset  current.  The  offset  correction  part  of  the  compensation 
network  has  a  single  resistor  to  adjust  the  fixed  part  and  another  single  resistor  to  adjust  the  temperature  dependent 
part  so  that  the  adjustment  for  the  fixed  part  does  not  affect  the  adjustment  of  the  temperature  dependent  part.  The 
offset  correction  amplifier  has  specific  resistances  so  that  the  single  resistor  may  adjust  positive  or  negative  values  of 
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the  offset  error  fixed  part.  The  other  single  resistor  for  the  temperature  dependent  part  adjusts  positive  or  negative 
slope  of  the  offset  error  temperature  dependent  part. 

A  method  for  compensating  temperature  dependent  and  fixed  offset  errors  of  a  resistance  bridge  is  also  a  part  of 
the  preferred  invention.  The  method  may  have  the  steps  of  energizing  the  resistance  bridge,  measuring  the  offset  and 

5  resistance  of  the  resistance  bridge  at  a  first  temperature  T1  and  at  zero  pressure,  measuring  the  response  of  the 
resistance  bridge  at  the  first  temperature  T1  and  at  a  pressure  P1  for  determining  the  unit  change  resistance  bridge 
pressure  response,  measuring  the  offset  and  resistance  of  the  resistance  bridge  at  a  temperature  T2  and  at  zero 
pressure  and  determining  the  unit  change  in  the  output  and  resistance  of  the  resistance  bridge  with  temperature.  Then 
the  determinations  and  measurements  of  the  preceding  steps  may  be  used  to  calculate  the  values  of  three  resistors 

10  to  select  and  include  them  in  the  compensation  network  to  correct  for  fixed  and  temperature  dependent  parts  of  the 
offset  error  and  variations  in  resistance  bridge  response  to  applied  pressure  at  the  resistance  bridge  signal  outputs. 

Figure  1  is  a  block  diagram  of  the  preferred  embodiment  of  the  present  invention.  The  diagram  shows  the  functions 
and  interconnections  of  the  major  circuit  blocks. 

Figure  2  is  a  simplified  schematic  of  the  compensation  circuit,  showing  those  circuit  elements  necessary  to  under- 
15  stand  the  invention  described  herein. 

Figure  3  is  a  detailed  schematic  of  the  resistance  bridge,  showing  the  interaction  of  the  resistance  elements  of  the 
bridge. 

Figure  4  is  a  flowchart  describing  the  steps  of  the  method  used  to  compensate  the  resistance  bridge. 
While  this  invention  is  satisfied  by  embodiments  in  many  different  forms,  there  is  shown  in  the  drawings  and  will 

20  herein  be  described  in  detail,  a  preferred  embodiment  of  the  invention,  with  the  understanding  that  the  present  disclo- 
sure  is  to  be  considered  as  exemplary  of  the  principles  of  the  invention  and  is  not  intended  to  limit  the  invention  to  the 
embodiment  illustrated.  The  scope  of  the  invention  will  be  measured  by  the  appended  claims  and  their  equivalents. 

An  improved  technique  for  compensating  silicon  based  piezoresistive  pressure  sensors  eliminates  the  need  for 
independent  temperature  sensing  elements  and  requires  no  digital  memory  circuits  to  codify  compensation  constants. 

25  A  minimum  number  of  passive  circuit  elements  are  required  as  part  of  a  catheter  pressure  probe.  No  additional  sensor 
connections  are  necessary  beyond  the  four  Wheatstone  bridge  connections,  and  no  digital  processing  circuitry  is  need- 
ed  for  the  sensor  signal.  Significant  reductions  in  manufacturing  time  for  trimming  can  be  achieved  over  other  analog 
techniques  by  use  of  the  method  described. 

In  Figure  1  the  configuration  of  the  circuit  blocks  used  in  a  preferred  compensation  circuit  10  are  shown.  One  circuit 
30  block  is  a  resistance  bridge  11  of  a  Wheatstone  configuration  with  signal  outputs  16  providing  the  resistance  bridge 

response  to  changes  in  pressure  across  a  diaphragm  or  thin  flexible  member  to  which  the  bridge  is  attached.  The 
resistance  bridge  11  is  also  responsive  to  changes  in  the  magnitude  of  voltage  applied  across  a  power  input  14  and  a 
ground  reference  15.  The  resistance  bridge  response  at  the  signal  outputs  16  is  uncompensated,  containing  offset, 
sensitivity,  and  temperature  dependent  errors.  A  compensation  network  31  is  another  circuit  block  and  has  circuit 

35  components  with  their  values  or  characteristics  chosen  to  compensate  for  the  offset,  sensitivity,  and  temperature  de- 
pendent  errors  in  the  resistance  bridge  response.  The  values  or  characteristics  of  these  components  are  different  for 
each  resistance  bridge  11  and  these  components  are  usually  part  of  an  assembly  having  the  resistance  bridge  as  a 
sensor.  It  will  be  shown  herein  how  three  discrete  resistors,  with  values  determined  by  simple  algebraic  relationships, 
can  compensate  for  errors  in  the  resistance  bridge  response  using  circuits  to  be  described.  The  other  circuits  shown 

40  in  Figure  1  have  functions  as  described  herein  and  are  designed  so  that  the  component  values  of  these  circuits  are 
the  same,  regardless  of  a  particular  resistance  bridge  response. 

In  Figure  1  the  compensation  circuit  10  for  the  resistance  bridge  11  is  shown.  The  resistance  bridge  11  includes 
a  pair  of  arms  12  and  13  wherein  each  includes  a  pair  of  resistors.  As  will  be  described  in  Figure  3,  one  of  each  pair 
of  resistors  increases  with  strain  and  the  other  decreases  with  strain.  The  resistance  bridge  11  has  the  power  input 

45  14,  the  ground  reference  15,  and  the  signal  outputs  16  including  a  positive  signal  output  17  and  a  negative  signal 
output  18.  The  signal  outputs  response  is  in  the  preferred  application  a  function  of  pressure  applied  to  the  resistance 
bridge  11  and  an  electrical  signal  applied  to  the  power  input  14. 

The  compensation  circuit  10  also  includes  an  offset  reference  generator  19  to  receive  a  fixed  circuit  reference 
voltage  20  for  generating  a  reference  offset  voltage  21  between  the  potentials  of  the  ground  reference  1  5  and  the  fixed 

so  circuit  reference  voltage  20.  It  is  preferred  that  the  reference  offset  voltage  21  be  exactly  one  half  of  the  potential 
difference  between  the  fixed  circuit  reference  voltage  20  and  the  ground  reference  15  and  it  is  equivalent  in  use  to  the 
common  or  reference  potential  of  a  circuit  with  a  bipolar  power  supply.  Other  relationships  between  the  fixed  circuit 
reference  voltage  20  and  the  reference  offset  voltage  21  are  possible.  The  fixed  circuit  reference  voltage  20  could  be 
generated  by  a  zener  or  bandgap  reference,  and  such  references  are  suitable  for  this  compensation  circuit  10.  It  will 

55  be  shown  in  the  detailed  analysis  that  a  precise  reference  is  not  needed  and  that  the  voltage  regulation  achievable 
from  a  linear  regulator  power  supply  circuit  is  sufficient. 

A  voltage  controlled  current  source  22  connects  across  the  power  input  1  4  and  the  ground  reference  1  5  to  provide 
power  to  the  resistance  bridge  11  as  shown  in  Figure  1  .  The  voltage  controlled  current  source  22  has  abridge  excitation 
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output  current  23  directly  proportional  to  the  fixed  circuit  reference  voltage  20.  A  buffer  amplifier  24  with  a  buffer  input 
25  connects  to  the  power  input  1  4;  the  buffer  amplifier  24  is  configured  as  a  voltage  follower  generating  a  buffer  output 
voltage  26  proportional  to  the  voltage  at  the  power  input  1  4  without  diverting  any  of  the  bridge  excitation  output  current 
23  away  from  the  power  input  1  4.  An  instrumentation  amplifier  27  with  a  positive  terminal  28  and  a  negative  terminal 

5  29  connects  to  the  positive  signal  output  1  7  and  negative  signal  output  1  8  respectively  to  generate  an  initial  output  30 
proportional  to  the  response  of  the  signal  outputs  16. 

A  compensation  network  31  includes  an  offset  correction  part  32  to  receive  the  buffer  output  voltage  26  and  the 
ground  reference  15.  The  compensation  network  31  generates  an  initial  offset  current  33  in  response  to  the  buffer 
output  voltage  26  which  in  turn  varies  proportionately  with  the  temperature  change  of  the  resistance  bridge  11,  thus 

10  providing  the  temperature  dependent  part  of  the  initial  offset  current  33. 
An  offset  correction  amplifier  34  receives  the  initial  offset  current  33,  the  buffer  output  voltage  26,  and  the  fixed 

circuit  reference  voltage  20  and  generates  a  correction  signal  35  to  counteract  offset  error  in  the  response  of  the  signal 
outputs  1  6.  The  buffer  output  voltage  26  and  the  initial  offset  current  33  both  vary  proportionately  to  temperature  change 
in  the  resistance  bridge  11  and  thereby  provide  the  temperature  dependent  part  of  the  correction  signal  35.  A  reference 

is  input  36  of  the  instrumentation  amplifier  27  receives  the  correction  signal  35  and  modifies  the  initial  output  30  in  re- 
sponse  to  the  correction  signal  35.  The  modification  of  the  initial  output  30  in  the  instrumentation  amplifier  27  includes 
the  nulling  out  of  fixed  and  temperature  dependent  offset  errors  in  the  resistance  bridge  response. 

The  offset  error  of  the  resistance  bridge  1  1  has  fixed  and  temperature  dependent  parts  which  are  counteracted  by 
the  interactions  of  the  buffer  output  voltage  26,  the  fixed  circuit  reference  voltage  20  and  the  initial  offset  current  33 

20  within  the  offset  correction  amplifier  34.  As  will  be  explained  in  detail,  the  offset  correction  part  32  of  the  compensation 
network  31  has  a  single  resistor  to  adjust  the  fixed  part  and  another  single  resistor  to  adjust  the  temperature  dependent 
part  so  that  the  adjustment  for  the  fixed  part  does  not  affect  the  adjustment  of  the  temperature  dependent  part.  The 
offset  correction  amplifier  34  includes  selected  and  configured  resistors  to  allow  the  single  resistor  for  the  fixed  part  to 
adjust  positive  or  negative  values  of  the  fixed  part  of  the  offset  error.  The  other  single  resistor  for  the  temperature 

25  dependent  part  adjusts  positive  or  negative  slope  of  the  temperature  dependent  part  of  the  offset  error. 
A  programmable  gain  amplifier  37  receives  the  initial  output  30  from  the  instrumentation  amplifier  27  and  provides 

a  compensated  output  38  which  is  independent  of  the  resistance  bridge  response  to  applied  pressure.  A  gain  correction 
part  39  of  the  compensation  network  31  has  a  gain  resistor  used  to  adjust  the  gain  of  the  programmable  gain  amplifier 
37  to  compensate  for  variations  in  the  resistance  bridge  response  to  applied  pressure.  The  programmable  gain  amplifier 

30  37  has  an  operational  amplifier  configured  for  either  inverting  or  non-inverting  gain  and  assures  that  the  pressure 
response  at  the  compensated  output  38  has  a  fixed  scale  factor,  regardless  of  the  sensitivity  of  the  uncompensated 
resistance  bridge  response. 

In  the  preferred  embodiment,  the  initial  output  30  of  the  instrumentation  amplifier  27  and  the  programmable  gain 
amplifier  37  are  measured  with  respect  to  the  reference  offset  voltage  21  instead  of  the  ground  reference  15.  This  is 

35  to  avoid  the  need  for  a  negative  power  supply  voltage  to  accommodate  negative  going  pressure  signals.  Other  reference 
schemes  are  possible. 

At  the  right  side  of  Figure  1  the  fixed  circuit  reference  voltage  20,  the  reference  offset  voltage  21  and  the  compen- 
sated  output  38  point  to  an  analog  to  digital  converter  40  which  is  not  shown.  The  analog  to  digital  converter  40  is 
included  to  point  out  the  possibility  of  performing  an  analog  to  digital  conversion,  for  further  signal  processing,  on  the 

40  ratio  of  the  compensated  output  38  to  the  fixed  circuit  reference  voltage  20.  This  can  be  achieved  by  one  of  numerous 
techniques,  and  can  compensate  for  fluctuations  in  the  fixed  circuit  reference  voltage  20  thereby  eliminating  the  need 
for  a  precise  fixed  circuit  reference  voltage.  The  analog  to  digital  converter  is  not  required  but  its  value  will  be  demon- 
strated  in  the  detailed  analysis  which  follows. 

A  detailed  analysis  of  the  compensation  circuit  10  is  best  understood  by  reference  to  the  simplified  schematic  of 
45  Figure  2  wherein  the  circuit  elements  are  shown.  Temperature  compensation  can  be  achieved  by  the  proper  selection 

of  three  resistors.  In  this  analysis,  it  will  be  assumed  that  resistor  accuracy  and  matching  tolerances,  and  the  amplifier 
offset,  bias  current,  and  gain  errors  are  kept  by  proper  component  specification  to  manageable  levels.  That  is  a  rea- 
sonable  assumption  as  verified  by  experiments. 

The  circuit  components  in  Figure  2  which  comprise  the  blocks  in  Figure  1  ,  described  previously,  will  be  explained. 
so  Figure  2  shows  elements  of  the  compensation  circuit  1  0  of  Figure  1  .  The  desired  signal  at  the  compensated  output 

38  of  the  compensation  circuit  10,  with  resistance  bridge  11  attached  is  shown  in  Figure  1  and  has  an  output  voltage 

(1)  Vco  =  ArP+VA 

Wherein 
55 

Vco=  Compensated  output  38  of  compensation  circuit  10,  in  mV 
AT=  Total  gain  factor  of  the  resistance  bridge  11  and  compensation  circuit  10  combined,  in  mv/mmHg 
P=  Differential  pressure  incident  upon  the  resistance  bridge  11,  in  mmHg 
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10 

VA  =  The  reference  offset  voltage  21  (to  allow  a  unipolar  signal  to  also  represent  negative  pressures),  in  volts 

The  compensation  circuit  10  insures  that  the  effective  total  gain  factor  AT  and  the  reference  offset  voltage  VA  shown 
at  21  at  the  compensated  output  38  are  the  same  for  each  resistance  bridge  11,  regardless  of  the  uncompensated 
gain  and  offset  of  the  resistance  bridge  response. 

The  uncompensated  resistance  bridge  response  is  modeled  as 

(2)  V02  -  VOi  =  VB  [(OFFv  +  TCOv  (AT))  +  Svo  (1  +  TCSV  (AT)-P] 

Wherein 

VB  =  Excitation  voltage  across  the  power  input  14  and  the  ground  reference  15  of  the  resistance  bridge  11  ,  in  volts 
OFFv=  Resistance  bridge  11  output  offset  voltage,  when  excited  by  a  constant  voltage,  at  zero  pressure,  and  at  a 

first  reference  temperature  T1  ,  in  u,V/V 
T=  Resistance  bridge  11  temperature,  in  °C 

15  Sv=  Resistance  bridge  11  sensitivity  to  pressure,  when  excited  by  a  constant  voltage,  at  the  first  reference  tem- 
perature  T1  ,  in  u.V/V/mmHg 

TCOv=  Resistance  bridge  11  temperature  coefficient  of  offset  when  excited  by  a  constant  voltage  (first  order  term), 
in  u.V/V/°C 

20 

25  =  Resistance  bridge  11  temperature  coefficient  of  sensitivity  when  excited  by  a  constant  voltage  (first  order  term) 
usually  given  as  a  percentage  of  sensitivity,  in  PPM/°C  or  %/°C 

P  =  Differential  pressure  across  the  resistance  bridge  11,  identical  to  P  in  equation  (1) 

Equation  (2)  has  many  more  terms  than  equation  (1).  There  are  two  offset  terms  independent  of  pressure,  one 
30  which  is  temperature  dependent  and  one  which  is  not,  both  of  which  are  unique  to  an  individual  resistance  bridge  11  . 

There  are  also  two  pressure  dependent  terms,  one  temperature  dependent  and  one  not,  both  again  are  unique  to  each 
resistance  bridge  11  .  The  object  of  the  compensation  circuit  10  is  to  manipulate  the  resistance  bridge  response  received 
from  the  signal  outputs  16  so  that  the  compensated  output  38  removes  the  temperature  dependent  offset  term  from 
the  resistance  bridge  response  and  sets  the  non-temperature  dependent  offset  term  of  the  resistance  bridge  response 

35  to  a  value  that  is  the  same  for  every  resistance  bridge  11  regardless  of  the  actual  offset  of  the  individual  resistance 
bridge  11;  removes  the  temperature  coefficient  of  the  sensitivity  of  the  resistance  bridge  11  to  pressure;  holds  the 
excitation  at  a  fixed  magnitude  VB  and  provides  an  adjustable  circuit  gain  Aq  based  upon  the  actual  Svo  of  the  resistance 
bridge  11  whereby 

40  0)  AT=Svo-VB.Ac, 

Consequently,  AT  remains  a  single,  fixed  value  for  all  values  of  Svo. 
TCOv  and  TCSV  are  assumed  to  be  linear  terms.  Although  this  may  not  be  completely  true,  the  second  order 

effects  of  this  assumption  are  minimal  over  the  temperature  range  of  the  catheter  tip  application  (1  5-40°C).  Non-line- 
arities  of  the  temperature  and  pressure  dependent  terms  may  not  be  completely  compensated  by  this  circuit,  and  could 

45  be  the  primary  cause  of  any  error  terms  which  remain. 
The  compensation  circuit  10  shown  in  Figure  1  and  2  uses  constant  current  bridge  excitation  instead  of  constant 

voltage;  this  means  that  Equation  (2),  the  basic  resistance  bridge  equation,  must  be  shown  to  be  valid  for  constant 
current  excitation  as  well  as  constant  voltage.  In  doing  this,  constant  current  based  parameters  relating  to  the  constant 
voltage  based  OFFv,  TCOv,  Sv,  and  TCSV  coefficients  will  be  developed. 

50  The  voltage  VREF  is  the  fixed  circuit  reference  voltage  20.  The  compensation  circuit  10  eliminates  the  effect  of 
variations  in  VREF  so  that  the  need  for  a  precise  fixed  circuit  reference  is  eliminated  and  a  conventionally  regulated 
power  supply  voltage  is  sufficient  as  a  reference  for  the  circuit.  As  shown  in  Figure  2,  the  offset  reference  generator 
19  includes  an  amplifier  U1  ,  and  resistors  R1  ,  R2,  R3  and  R4.  U1  is  a  voltage  follower  generating  the  reference  offset 
voltage  VA  21  .  Resistors  R1  ,  R2,  and  R3  are  chosen  so  that 

55  
R3  =  R1+R2 
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Therefore, 
5  VA  is  used  as  a  reference  potential  in  place  of  a  circuit  common  so  that  a  negative  power  supply  is  not  required. 

In  that  way,  and  by  careful  selection  of  operational  amplifiers,  the  compensation  circuit  10  can  be  implemented  with 
power  consumption  sufficiently  low  to  provide  precision  operation  using  a  small  battery.  Resistor  R4  is  chosen  to  cancel 
the  bias  currents  of  amplifier  U1  enhancing  precision  while  not  affecting  operation  of  the  compensation  circuit  10. 

The  voltage  controlled  current  source  22  includes  resistors  R1,  R2,  R3,  and  R5,  amplifier  U2,  and  MOSFET  Q1. 
10  Resistors  R1  through  R3  are  shared  with  the  offset  reference  generator  1  9  to  minimize  circuit  bias  currents.  The  output 

current  is  defined  as 

J  =  Vref  {  R1  \ s  R5  \  R1+R2+R3I  15 
ls  is  the  bridge  excitation  output  current  23.  Since  R3  equals  R1  plus  R2,  and  if  R1  equals  R2  then 

s  A-R5 
20  The  relationship  is  simplified  to 

(4)  's=9m-VREF 

for  all  subsequent  calculations.  The  gain-determining  resistances  are  lumped  into  a  single  transconductance  parameter 
gm  which  is  fixed  in  normal  applications. 

25  The  buffer  amplifier  24  in  Figure  2  consists  of  amplifier  U3,  configured  as  a  voltage  follower.  The  buffer  amplifier 
24  tracks  the  voltage  VB  at  the  power  input  14  generating  VBB,  the  buffer  output  voltage  26  which  is  received  by  the 
compensation  network  31  and  the  offset  correction  amplifier  34.  The  bridge  excitation  output  current  ls  23  will  typically 
be  in  the  range  of  100  microamperes  to  1  milliampere  for  low  power  applications.  Therefore  U3  should  be  chosen  so 
that  its  input  bias  current  is  sufficiently  low,  to  insure  that  its  contribution  to  current  source  error  is  negligible. 

30  Equation  (2)  has  the  resistance  bridge  response  in  terms  of  a  constant  excitation  voltage  VB.  This  response  can 
be  converted  to  constant  current  excitation,  as  used  in  the  compensation  circuit  10  by  using  the  relationship  between 
bridge  excitation  voltage  and  excitation  current 

(5)  VB  =  ls-  RB  (1  +  TCRB(A  J)) 

35  Wherein 

RB=  Resistance  across  the  power  input  14  and  ground  reference  15,  in  Q 

40 

\  RB 

45 
=  Temperature  coefficient  of  bridge  resistance  RB,  given  as  a  percentage  of  RB,  1st  order  term,  in  PPM/°C  or  %/°C 

Substituting  equation  (5)  into  equation  (2)  yields 

50  (6)  Vs  =  [ls-RBV  +  TCRB(AT))]-lOFFv+TCOv(AT)+SvV  +  TCSv(AT))-P] 

Wherein 

Vs  =  The  differential  voltage  across  the  signal  outputs  16,  uncompensated,  in  V.  Or,  in  other  words, 

55  Vs  =  V02-  VOi 

Equation  (6)  is  separated  into  two  parts  for  easier  handling. 
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(7)  Vs=Vso+Vsp 

Wherein 

Vso  =  ls-  RB(1  +  TCRB(A  T))(  OFFv+  TCOv{A  7)) 

Vsp  =  ls-  RB(1  +  TCRB(A  7))-Sv-P(]  +  TCSV{A  7)) 

Vso  and  VSP  are  the  non-pressure  dependent  (offset)  and  pressure  dependent  terms  of  equation  (6),  respectively. 
The  non-pressure  dependent  terms  are  expanded  and  analyzed. 

Vso  =  ls-RB{OFFv+  TCOv{AT)  +  OFFv-  TCRB(A  T)  +  TCRB-TCOv{AT)2) 

Since  the  TCRB  and  TCOv  terms  are  small  with  respect  to  the  other  terms,  and  since  the  range  of  interest  of  AT 
is  small,  theAT2  term  is  considered  insignificant  and  may  be  disregarded. 

Vso  =  ls-[RB-OFFv+RB{TCOv+OFFv-TCRB)  (AT)] 

or 

(8)  Vso=/s.[OFF/+TCO/(AT)] 

Wherein 

OFF  i  =  RB-OFFv=  Resistance  bridge  11  output  offset  voltage  at  zero  pressure  and  at  the  first  refer- 
ence  temperature  T1  ,  when  excited  by  constant  current,  in  u,V/mA 

TCOj  =  RB  (TCOyi-OFFyTCRB)  =  Resistance  bridge  11  temperature  coefficient  of  offset  when  excited  by  constant 
current,  first  order  term,  in  u.V/mA/°C 

The  transformation  of  OFFv  and  TCOv  to  OFF,  and  TCO,  is  not  important  if  the  uncompensated  parameters  of  the 
resistance  bridge  11  are  measured  under  constant  current  excitation.  In  this  case  the  constant  current  based  param- 
eters  can  be  measured  directly.  This  relationship  demonstrates  that  the  response  of  the  resistance  bridge  11  can  be 
modelled  by  similar  means  regardless  of  the  type  of  excitation.  Since  the  compensation  technique  uses  constant  current 
excitation  the  equations  for  calculating  the  values  for  the  resistors  in  the  compensation  network  31  need  to  be  based 
upon  the  constant  current  parameters.  It  may  be  more  convenient  to  use  constant  voltage  to  characterize  the  uncom- 
pensated  resistance  bridge  11  ,  measuring  OFFv,  TCOv,  RB,  and  TCRB,  and  deriving  OFF,  and  TCO,  as  shown.  Re- 
liance  on  this  transformation  is  subject  to  approximation  errors  and  to  sensor  non-linearities. 

Returning  to  the  second  half  of  equation  (6),  the  pressure  dependent  terms  are  expanded. 

Vsp  =  ls■RB■Sv■P[̂   +  TCRB(A  T)+  TCSV{A  T)+  TCRB-  TCSV{A  J)2] 

D  is  defined  as 

(9)  D=  TCRB+TCSV 

or 
TCRB=  D-TCSV 

wherein 

K,  =  ls-RB-Sv-P 

Substituting  these  relationships, 

Vsp=  KV[\+(D-TCSV)  (AT)  +  TCSV(AT)  +  (D-TCSV)  (TCSV)  (AT)2] 

Vsp=  /C]-[1  +  D(A  7>  TCSV(AT)+  TCSV{AT)+D-TCSV{AT)2-  TC^V{AT)2} 

Two  of  these  terms  when  added  become  zero,  and,  as  with  the  offset  terms,  the  (AT)2  terms  can  be  eliminated,  so 
that  the  equation  reduces  to 

Vsp=  -(1+D(AT)) 

or 

Vsp=  ls-RB-Sv-P(-\+D(AT)) 
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rewritten  as 

(10)  Vsp=  Ig-S^  +  TCS^ATiyP 

Wherein 
5 

S/=  SyRB=  Resistance  bridge  11  sensitivity  to  pressure  when  excited  by  a  constant  current,  at  the 
first  reference  temperature  T1  ,  in  u.V/mA/mmHg 

TCS,  =  D  =  TCRB+TCSV=  Temperature  coefficient  of  sensitivity  of  the  resistance  bridge  11  when  excited  by  a  con- 
10  stant  current,  1st  order  term,  in  PPM/°C  or  %/°C 

This  is  significant  in  that  if  TCRB  =  -TCSV,  then  TCSpO,  for  constant  current  excitation.  It  is  possible  to  design 
piezoresistive  sensors  so  that  the  difference  D  can  be  easily  held  to  less  than  500  PPM/°C  with  normal  production 
tolerances.  This  means  that  by  exciting  with  constant  current,  the  temperature  coefficient  of  sensitivity  will  be  less  than 

15  500  PPM/°C,  which  is  well  within  typical  limits  for  piezoresistive  sensors  of  this  type  compensated  by  other  techniques. 
The  TCS  of  the  resistance  bridge  11  needs  no  additional  compensation;  its  compensation  is  inherent  in  the  circuit 
design  and  no  trimming  is  involved.  The  relationships  herein  show  that  the  resistance  bridge  pressure  sensitivity  S| 
can  be  derived  from  the  Sv  and  RB  parameters,  in  an  analogous  way  to  that  shown  for  the  offset  and  TC  offset  pa- 
rameters. 

20  The  transformation  from  voltage  based  to  current  based  excitation  parameters  is  completed  by  combining  the 
pressure  dependent  and  non-pressure  dependent  parts  of  equation  (6).  Combining  equations  (7),  (8),  and  (10) 

Vs  =  ls-{  OFFr  TCO^A  T))+Is-  S,(1  +  7"CS,(A  J))  P 

25  (11)  Vs=/s[(OFF^7CO/(A7))+S/(1  +  7CS/(A7))-P] 

The  parameter  transformation  equations  are  repeated  for  convenience. 

(12)  OFFl=OFFv-RB 

3o  (13)  TCOl=RB{TCOv+OFFv-TCRB) 

(14)  SI=SV-RB 

(15)  TCS  l=  TCS  v+  TCRB 

35  Since  sufficient  compensation  for  TCS  has  been  obtained,  this  term  will  be  eliminated  in  subsequent  analysis.  This 
reduces  equation  (11)  to 

(16)  V^Iq-IOFF^TCO^ATi+S^] 

What  remains  is  to  establish  a  means  of  eliminating  variation  in  the  non-pressure  dependent  terms  of  each  resist- 
40  ance  bridge  1  1  ,  and  finally,  providing  the  proper  scaling  factor. 

It  would  appear  that  by  using  constant  current  excitation,  the  output  of  the  resistance  bridge  has  been  made  de- 
pendent  upon  additional  sensor  parameters  RB  and  TCRB,  with  the  possibility  of  errors  in  their  characterization  and 
repeatability  over  time.  While  this  has  to  be  considered,  the  use  of  constant  current  excitation  offers  other  distinct 
advantages  beyond  the  cancellation  of  TCS  errors,  which  the  compensation  circuit  10  uses. 

45  In  producing  extremely  small  resistance  bridge  pressure  sensors  by  micromachining,  the  size  constraints  required 
by  potential  applications  severely  limit  the  space  available  for  additional  temperature  sensing  elements  located  on  the 
chip  but  off  the  diaphragm.  Usually,  any  additional  temperature  sensitive  elements  must  be  on  the  diaphragm  if  they 
are  to  be  in  close  proximity  to  the  resistance  bridge  due  to  size  constraints.  If  the  temperature  sensing  elements  are 
not  in  close  physical  proximity  to  the  resistance  bridge,  they  will  not  accurately  track  the  temperature  of  the  resistance 

so  bridge  and  will  not  provide  adequate  temperature  compensation. 
The  resistance  of  the  resistance  bridge  has  a  distinct  and  measurable  temperature  characteristic,  which  is  the 

source  of  the  offset  temperature  coefficient  errors.  Therefore  it  is  desirable,  if  possible,  to  use  the  temperature  char- 
acteristics  of  the  aggregate  bridge  resistance  as  a  correction  mechanism  permitting  temperature  compensation  without 
additional  temperature  sensitive  elements  on  the  sensor.  This  is  made  easier  by  the  use  of  constant  current  excitation 

55  if  the  following  relationships  are  considered: 

VB=  ls-RB{-\  +  TCRB{AT)) 

or 

9 



EP  0  482  487  B1 

VB=  vbo+tcvb(a j )  

Wherein 

5  VBO  =  IffRB  =  Voltage  at  the  power  input  1  4,  at  the  first  reference  temperature  T1  ,  in  V 
TCVB  =  ls-RB-  TCRB  =  Temperature  coefficient  of  the  voltage  at  the  power  input  1  4,  in  mV/°C 

Assuming  a  linear  TCRB  means  that  the  voltage  at  the  power  input  14  VB  is  linearly  proportional  to  temperature 
with  an  intercept  term  which  is  different  for  each  resistance  bridge  11  ,  but  is  dependent  only  upon  the  bridge  resistance 

10  RB,  assuming  ls  is  fixed.  Since  the  resistance  bridge  offset  is  also  fixed  for  each  resistance  bridge,  and  the  TCO  is 
assumed  to  be  linear,  The  voltage  at  the  power  input  14  VB  can  be  used  to  correct  for  the  resistance  bridge  offset  and 
temperature  coefficient  of  offset,  if  it  is  properly  summed  into  the  sensor  amplification  circuit  with  the  appropriate  gain. 
This  compensation  technique  is  implemented  with  an  operational  amplifier  circuit  and  the  amount  of  offset  and  TCO 
correction  is  regulated  by  two  resistor  adjustments.  The  relative  simplicity  of  the  circuit  is  facilitated  by  the  use  of 

15  constant  current  excitation  which  enables  the  voltage  at  the  power  input  14  to  be  used  as  a  temperature  dependent 
correction  signal. 

The  remaining  concern  is  the  suitability  of  RB  for  use  as  a  reliable  temperature  indicator  in  this  application.  Refer 
to  Figure  3  for  a  detailed  schematic  of  resistance  bridge  11  wherein  RB  is  the  series/parallel  combination  of  the  four 
resistors  RB1  through  RB4,  or  more  precisely 

20 
(17)  RB  =  (RB1+RB2)  \\{RB3+RB4) 

Since 

RB1  =  RB2  =  RB3  =  RB4  =  RBX 

25  
RB=2RBX\\2RBX 

Then 

RB  =  RBX 

30  or 
This  relationship  means  that  the  total  bridge  resistance  RB  is  equal  to  the  nominal  value  of  the  bridge  elements 

RB1  through  RB4.  In  reality,  there  are  slight  differences  in  value  among  the  four  resistors;  they  are  closely  matched, 
however,  by  their  close  proximity  on  the  diaphragm,  otherwise  the  sensor  offset  would  be  unacceptably  high.  TheTCRs 
of  the  individual  resistors  RB1  through  RB4  are  also  tightly  matched,  else  the  bridge  TCO  would  be  unacceptably  high. 

35  It  is  easy  to  show  that  if  the  TCRs  of  the  individual  resistors  RB1  through  RB4  are  all  approximately  equal,  and  equal 
to  TCRX,  then  for  the  entire  combination  TCRB  =  TCRX  will  hold  true.  Since  the  temperature  across  the  diaphragm  is 
constant  due  to  its  small  size,  then  TCRB  is  a  good  indicator  of  resistance  bridge  temperature. 

The  factor  which  will  most  readily  skew  the  resistance  and  temperature  relationship  is  diaphragm  pressure.  Figure 
3  has  arrows  which  indicate  the  direction  (increase  or  decrease)  of  resistance  change  of  each  element  with  pressure. 

40  If  RB2  and  RB3  increase  by  the  same  amount  as  RB1  and  RB4  decrease,  then  the  sums  of  RB1  +  RB2,  and  RB3  + 
RB4,  will  remain  constant,  and  by  equation  (17),  RB  will  not  change.  Any  mismatch  in  these  characteristics,  however, 
will  cause  RB  to  change  somewhat  with  pressure.  In  practice,  this  change  is  very  small.  This  effect,  along  with  second 
order  TCR  effects,  are  insignificant  in  practice  as  are  the  second  order  effects  on  TCO  and  TCS. 

The  next  step  is  to  develop  the  relationships  associated  with  the  offset  and  TC  offset  compensation.  Refer  back 
45  to  Figures  1  and  2  to  identify  the  circuit  blocks  and  components  described  in  the  analysis. 

In  Figure  2,  the  offset  correction  amplifier  34  includes  an  amplifier  U7  and  resistors  R9,  R10,  R11,  R15  and  R16.  The 
offset  correction  part  32  of  the  compensation  network  31  has  resistors  RT  and  RO.  RT  primarily  provides  the  adjustment 
for  temperature  coefficient  of  offset  although  it  will  be  seen  that  it  also  affects  the  fixed  offset  term.  RO  provides  the 
adjustment  for  the  fixed  offset,  without  affecting  the  TC  offset.  The  offset  current  referenced  in  Figure  1  connects  to 

so  the  negative  input  terminal  of  U7. 
The  instrumentation  amplifier  27  includes  amplifiers  U4,  U5,  and  U6  and  resistors  R6,  R7,  R8,  R1  2,  R1  3  and  R1  4. 

The  positive  terminal  28  of  the  instrumentation  amplifier  block  is  the  positive  terminal  of  amplifier  U5  and  the  negative 
terminal  29  of  the  instrumentation  amplifier  is  the  positive  terminal  of  U4.  The  reference  input  36  is  the  positive  terminal 
of  U6  which  receives  the  correction  signal  Vcs.  The  initial  output  30  is  designated  by  voltage  V|Q.  Although  R15  and 

55  R16  are  shown  as  part  of  the  offset  correction  amplifier  34  for  simplicity  of  explanation,  they  can  be  part  of  the  instru- 
mentation  amplifier  27  and  will  be  treated  in  such  manner  in  the  calculations. 

The  basic  equation  for  the  instrumentation  amplifier  27  is 

10 
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VC  VBB 
Vlo=GvG2  (V02-VOl)  +  ^   +  ^  

G2,  the  second  stage  gain  of  the  instrumentation  amplifier,  is  set  equal  to  1  in  the  preferred  embodiment  and  can 
therefore  be  eliminated. 

thus 

vs=  vo2-vo, 

Combining  this  equation  with  equation  (16)  yields 

Vlo  =  Gfis\{OFFj+TCOj{KT))  +SfP\  +  -f   +  - f ?  

Allowing  that  VBB  =  VB  (since  U3  is  a  unity  gain  buffer),  and  incorporating  equation  (4)  and  equation  (5)  into  the 
expression  for  V|Q  above  yields 

(18)  Vlo  =  G1  -gm-  VREF-[(OFFl+TCO  /AT))  +  S,-P]  +  ^  

gm-VREF-RB  ̂ +  TCRB(AT)) 
+  2 

To  simplify  this  gain  equation  the  Vc  term  must  be  expanded  so  that  it  can  be  stated  in  terms  of  the  trim  resistors 
RT  and  RO.  Equation  (18)  becomes 

vio  =  G i ' f f m ' V p E p ' O F F i + G i - g m ' V g s r ' T C O j d T )   * G l ' g m ' V R E F S 2 ' P  

J  R l l   R9  R9\  g ^ V ^ R S ' R B   S T ^ f ^ - R B  
\ R 1 0 + R l l j   2  \  RT  ~R~o)  T U f   2^RT  T C R B ^ ^  

g-VBPF.-RB  g-VBv.v-RB 
+  *m  ref  +  -TCRB  (AT)  

2  2 

By  regrouping  the  terms 

(19)  VIO  = 

!»■  hep  i  \ R 1 o + R i i )   2  \  RT  RO}  2-RT  2 

+  Gi  -STm-VxEF'TCOz  <  A  r)  -  9 m ' V ^ F ^ ' R B   'TCRB  (AT)  +  9'B'V^F'RB  -TCRB  (  A  T) 

+G1-ga-vR£F-sI-p 

While  equation  (19)  looks  complex, 
The  first  line  contains  terms  which  are  neither  dependent  upon  pressure  or  temperature.  These  terms  contribute 

only  to  the  fixed  offset.  The  second  line  contains  terms  which  are  all  dependent  upon  temperature,  but  not  pressure. 
These  terms  contribute  only  to  the  offset  shift  with  temperature.  The  third  line  is  analogous  to  equation  (1)  as  it  has 
diaphragm  pressure  times  a  constant,  with  no  fixed  offsets  or  temperature  dependent  terms. 

Line  one  of  equation  (19)  includes  a  fixed  offset  term  that  is  proportional  to  the  offset  of  the  resistance  bridge  11 
while  the  other  terms  are  a  product  of  circuit  parameters.  Some  of  the  other  terms  are  positive  and  some  negative.  It 
should  be  possible  to  select  values  for  the  circuit  parameters  so  that  the  terms  which  are  not  dependent  on  bridge 
offset  add  up  to  cancel  the  effect  of  resistance  bridge  offset  on  the  output  signal,  for  both  positive  and  negative  values 
of  offset. 

In  line  two  of  equation  (1  9)  for  the  temperature  dependent  terms  one  of  the  temperature  dependent  terms  is  pro- 
portional  to  the  resistance  bridge  temperature  coefficient  of  offset,  while  the  other  terms  are  proportional  only  to  the 

11 
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resistance  bridge  temperature  coefficient  of  resistance,  and  various  fixed  circuit  parameters.  As  in  line  one  of  equation 
19,  one  of  the  other  terms  is  positive  and  one  negative.  In  this  case,  the  intent  is  to  select  values  for  the  circuit  parameters 
so  that  the  relative  weights  of  the  positive  and  negative  TCRB  terms  nullify  the  effect  of  the  bridge  TC  offset  term  on 
the  output  signal. 

If  these  goals  can  be  simultaneously  achieved,  so  that  all  terms  in  line  one  thereof  can  be  made  to  add  up  to  a 
single  fixed  value,  and  all  of  the  terms  in  line  two  can  add  to  zero,  the  initial  output  V|Q  shown  at  30  in  Figures  1  and 
2  will  be  dependent  upon  pressure  and  not  resistance  bridge  offset  terms.  In  accomplishing  these  tasks,  it  is  desirable 
to  keep  the  number  of  circuit  parameters  to  be  adjusted  to  a  minimum.  It  is  also  desirable  to  minimize  interdependencies, 
particularly  so  that  the  adjustments  to  correct  for  the  fixed  offsets  do  not  affect  the  temperature  dependent  correction 
terms.  This  is  needed  if  routine  fine  tuning  of  bridge  offset  is  to  be  achieved. 

In  equation  (19)  there  are  numerous  resistor  values  which  can  be  adjusted  to  change  the  fixed  offset  terms,  without 
affecting  the  temperatu  re  dependent  terms,  but  not  vice  versa.  Therefore,  the  adjustment  for  the  temperature  dependent 
terms  will  be  considered. 

For  the  temperature  effects  to  cancel,  the  temperature  dependent  terms  must  add  to  zero. 

g  ■  VRFF-  R9-RB  g-  VRFF-  RB 
G1  'dm  Vref-  rc°/(A  "0  "  lRT  TCRB(A  7)  +  Rf  ■  TCRB(A  T)=0 

Eliminating  common  factors, 

G-i  •  TCO.-  4t t^f   •  TCRB+  ^   ■  TCRB=  0 1  '  2-RT  2 
This  equation  can  be  solved  for  RT  as  follows: 

R!?'^  ■  TCRB  =  G-i  •  TCO.+  ^   ■  TCRB 2-RT  1  '  2 

1  2-GvTCOj+RB-TCRB 
~RT=  R9-RB-TCRB 

R9-RB-TCRB (20)  RT-- 
2-GvTCOj+RB-TCRB 

Equation  (20)  shows  that  the  three  temperature  dependent  terms  will  add  to  zero  by  proper  selection  of  resistor 
RT.  The  values  for  bridge  resistance  RB,  temperature  coefficient  of  resistance  TCRB  and  temperature  coefficient  of 
offset  TCO|  must  be  supplied  from  measurements  on  the  resistance  bridge  11  .  The  values  G-,  and  R9  are  circuit  con- 
stants.  This  formula  will  correct  for  positive  and  negative  values  of  TCOh  as  long  as 

2-GvTCOj+RB-TCRB>0 

When  this  is  the  case,  the  computed  value  for  RT  will  be  greater  than  zero  and  will  provide  a  meaningful  solution 
as  long  as  TCRB  is  positive.  The  TC  offset  correction  is  not  dependent  upon  either  the  circuit  reference  voltage  or  the 
value  of  transconductance  gm.  More  importantly,  RT  is  not  dependent  upon  any  of  the  resistors  R10,  R11  ,  or  RO.  These 
resistors  can  be  used  to  adjust  the  amount  of  fixed  offset  compensation  without  affecting  the  TC  offset  compensation. 

Any  one  of  the  three  resistors  R10,  R11  or  RO  can  be  chosen  for  offset  trim,  without  affecting  the  correction  for 
TC  offset.  Since  the  value  of  RT  does  affect  offset  correction,  RT  is  selected  using  equation  (20)  and  its  value  is  then 
used  in  the  computation  of  offset  trim. 

In  the  preferred  embodiment  of  the  compensation  circuit  10,  it  is  desired  to  adjust  the  fixed  offset  not  to  zero,  but 
to  the  value  of  the  reference  offset  voltage  VA  also  designated  as  21  in  Figures  1  and  2.  As  explained  in  an  earlier 
section,  the  reference  offset  voltage  21  has  been  set  to  one-half  the  value  of  the  fixed  circuit  reference  voltage  VREF 
noted  as  20  in  Figures  1  and  2,  although  other  voltages  are  possible.  Therefore  in  solving  for  the  value  of  the  offset 
correction  resistor,  the  sum  of  all  of  the  terms  in  line  one  of  equation  (1  9)  is  set  equal  to  this  value.  This  relationship 
is  shown  in  the  equation  that  follows.  VREF  has  been  eliminated  from  this  equation  since  it  is  common  to  every  term 
This  implies  that  the  offset  correction  will  not  be  dependent  upon  VREF,  which  was  an  original  design  objective. 

R l l   \ l l   \L  + R 9 +   R9\_  9m-R9-RB  +  g  ± = G x - g   -OFF,  J   R11  \ ( ± . \ { l + ™ -   +  m  
2  1  y"  1  \  R 1 0 + R 1 1   A  2  A  RT  RO] 2  -RT  2 

RO  is  chosen  as  the  resistance  value  for  which  to  solve,  to  satisfy  the  above  relationship.  Solution  in  terms  of  RO 
is  derived  below. 

_1  -G  -a  -OFF  -I  R11  V l + * 9 U   R9'R11  3a -RB,R9   \ 
2  i  \  2  (R10+R11)   A  RT]  2 - R O { R 1 0 + R l l )   2  \  RT  ) 

12 
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A - r   -a  -OFF1  (  R11  Vlt  R9\ \   g " 'RB[R9   i \ -   R 9 ' R 1 1  
2  x9a  1  \ 2 ( R 1 0 + R 1 1 )   h  RT]  2  \RT  J  2 - R O ( R 1 0 + R l l )  

(22)  AND  Ty=n,™nR1Ji v  '  '  2{R10+R11) 
Substituting  equation  (21)  and  equation  (22)  in  the  equation  immediately  preceding  them  results  in 

T x - G . - g ^ O F F ;   =  { ~ ) - T y  

1  _Tx-GY9m-OFFl 
RO  Ty 

Ty (23)  RO  -- 
Tx-Gvgm-OFFl 

Values  for  components  in  the  compensation  circuit  10  can  be  selected  so  that  realistic  ranges  of  values  for  RO 
and  RT  can  be  chosen,  for  a  wide  range  of  resistance  bridge  offsets,  temperature  coefficients  of  offset,  resistances 
and  temperature  coefficients  of  resistance. 

Assuming  the  RO  and  RT  have  been  chosen  in  concert  with  a  set  of  fixed  circuit  parameters  to  satisfy  the  above 
relationships,  equation  (19)  reduces  to 

(24)  V!0=Gvgm-VREF-SrP+VA 

G-,,  gm,  and  VREF  are  fixed  circuit  constants  which  may  be  represented  by  a  gain  constant,  with  units  of  milliam- 
peres, 

(25)  Ac1=Gvgm.VREF 

S|,  the  uncompensated  pressure  sensitivity  of  the  resistance  bridge  11,  has  been  defined  in  terms  of  u.V/  per 
milliampere  of  excitation  per  unit  pressure,  due  to  the  constant  current  excitation  of  the  resistance  bridge  11  .  Combining 
equation  (24)  and  equation  (25), 

(26)  Vlo  =  AcfSrP+VA 

In  Figures  1  and  2  the  programmable  gain  amplifier  37  consists  of  amplifier  U8  and  resistor  R17,  acting  together 
with  resistor  RG,  which  is  the  gain  correction  part  39  of  the  compensation  network  31  .  This  provides  a  final  circuit  gain 
which  can  be  trimmed,  to  give  the  desired  output  of  equation  (1) 

Vco=ArP+VA 

Amplifier  U8  does  not  amplify  the  reference  offset  voltage  VA  21  since  the  input  of  U8  is  referenced  to  VA  instead 
of  the  ground  reference  15.  The  gain  of  the  programmable  gain  amplifier  37  is  Aq2.  The  output  of  the  programmable 
gain  amplifier  37,  which  is  the  compensated  output  Vco  shown  at  38  in  Figures  1  and  2  is  represented  by 

(27)  Vco  =  Ac1.AC2.S,.P+VA 

The  total  circuit  gain  term  AT  as  defined  in  equation  (1)  is  equal  to 

(28)  AT  =  AC1-AC2-S, 

or 

(29)  A C 2 = a ^ S  

U8  is  a  simple  non-inverting  amplifier  whose  gain  is 
R17 

(30)  * c 2 = ^ + %  

Setting  the  right  sides  of  equation  (29)  and  equation  (30)  equal  to  each  other  yields 

or 

13 
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RG  AC1-S, 

R17  a t  
RG  AC1-S, 

RG  1 
R17  AT 

AcfS\ 
-1 

RG. R17 

Acfs\  
-1 

R17-Ari-S, 
(31)  RG=  A  - A S  

Substituting  equation  (25)  into  equation  (31) 

(32)  RG R17-Gv9m-VREF-Si 
AT-GY9m-VREF-Sl 

Since  R1  7,  G-,  ,  gm,  and  VREF  are  circuit  constants,  the  value  of  RG  can  be  computed  for  any  desired  total  gain  AT 
if  S|  is  known.  The  compensated  output  Vco  or  38  is  still  dependent  upon  and  proportional  to  the  fixed  circuit  reference 
voltage  VREF  at  20  in  Figures  1  and  2. 

For  RG  to  be  meaningful,  the  denominator  must  be  positive,  or 

AT>^-9m-VREF-Sl 

By  substituting  equation  (25)  and  equation  (28)  into  the  above  relationship,  it  can  alternately  be  stated  that  the 
gain  AC2  must  be  greater  than  one,  which  of  course  is  the  property  of  the  non-inverting  amplifier  configuration  for  U8. 
An  inverting  amplifier  can  be  used  at  this  stage  to  enable  gain  reduction.  This  is  not  a  problem  in  most  situations,  since 
it  is  not  desirable  for  the  instrumentation  amplifier  27  to  provide  all  of  the  amplification  of  the  signal  outputs  16  of  the 
resistance  bridge  11  which  would  normally  be  required  for  subsequent  signal  processing.  Also  if  the  first  stage  of  the 
instrumentation  amplifier  27  were  to  provide  more  gain,  the  resistance  bridge  offset  errors  would  be  amplified  by  that 
gain,  requiring  that  the  correction  signal  35  vary  over  a  wider  range  in  order  to  provide  the  proper  compensation  of  the 
resistance  bridge  response. 

In  practice,  the  division  of  circuit  gain  between  the  instrumentation  amplifier  27  and  the  programmable  gain  amplifier 
37  is  a  trade-off.  There  should  be  enough  gain  in  the  instrumentation  amplifier  to  reject  common  mode  errors  on  the 
signal  outputs  and  to  boost  signal  levels  such  that  offset  drift  and  noise  generated  by  the  operational  amplifiers  is 
insignificant.  The  gain  must  be  limited  so  that  the  required  range  of  the  correction  signal  35  and  the  range  of  the 
resistors  in  the  offset  correction  part  32  of  the  compensation  network  31  allow  for  useful  implementation  by  laser- 
trimmed  resistor  networks. 

The  compensation  circuit  10  is  within  the  limits  of  the  assumptions  presented  and  enables  the  selection  of  three 
resistors  to  compensate  a  piezoresistive  bridge  type  catheter  tip  pressure  probe.  The  compensation  circuit  1  0  requires 
a  fixed  circuit  reference  voltage  VREF  shown  at  20.  The  correction  of  the  fixed  and  temperature  dependent  offset  terms 
of  the  resistance  bridge  response  is  not  dependent  upon  VREF.  The  final  gain,  or  sensitivity  to  pressure  of  the  com- 
pensated  output,  however,  is  directly  proportional  to  VREF. 

The  dependency  of  the  compensated  output  38  on  the  fixed  circuit  reference  voltage  21  can  be  removed  by  circuits 
into  which  the  compensated  output  would  typically  be  connected  for  further  signal  processing  and  display.  Numerous 
types  of  analog  to  digital  converters  40  can  be  configured  so  that  their  digital  output  is  proportional  to  the  ratio  of  the 
compensated  output  to  the  fixed  circuit  reference  voltage.  The  preferred  embodiment  of  such  a  converter  40,  not  shown 
in  detail,  would  be  such  that  its  output  would  be  proportional  to  the  difference  of  the  compensated  output  38  and  the 
reference  offset  voltage  21  ,  divided  by  (or  proportional  to)  the  fixed  circuit  reference  voltage  20. 

The  function  of  this  analog  to  digital  converter  40  is  shown  by  the  relationship 

~  VCO'VA  AT'PFS 
Vref  Vref 

wherein 
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10 

C  =  The  ratio  of  the  compensated  output  38,  minus  the  reference  offset  voltage  21  ,  to  the  fixed  circuit  reference 
voltage  20  for  a  full  scale  output  (dimensionless) 

PFS  =  The  number  of  units  of  pressure  at  full  scale,  in  mmHg. 

This  can  be  rewritten  as 

A T~  Pfs 

Substituting  this  relationship  into  equation  (32) 

D„  R17-Gv9m-VREF-S} RG  - C-  VREF 
-p3^-Gv9m-VREFSl  

rFS 

PF„-R17-G,-g-S. 
(33)  RG=  FS  i;m  ' 

Therefore,  if  an  analog  to  digital  converter  40  is  used,  whose  output  is  only  dependent  upon  the  ratios  as  shown,  the 
dependence  of  gain  correction  part  RG  shown  at  39  in  Figure  2  on  the  fixed  circuit  reference  voltage  20  can  also  be 
eliminated.  The  conversion  ratio  C  of  the  analog  to  digital  converter  40,  and  the  number  of  full  scale  units  of  pressure, 

20  must  be  known. 
The  terms  in  the  resistor  selection  equations  (20),  (21),  (22),  (23)  and  equation  (32)  (or  equation  (33)  if  it  is  used 

in  place  of  equation  (32)),  can  be  divided  into  two  groups.  The  first  group  includes  values  for  resistance,  gain,  transcon- 
ductance  and  voltage  associated  with  the  parts  of  the  compensation  circuit  10  which  are  not  directly  a  part  of  the 
resistance  bridge  1  1  .  Those  values  would  typically  be  supplied  as  constants,  determined  by  the  particular  circuit.  The 

25  compensation  values  selected  by  the  above  equations  would  apply  only  to  a  particular  embodiment  of  the  compensation 
circuit  10.  The  second  group  includes  the  resistance  bridge  11  pressure  and  temperature  response  and  resistance, 
which  must  be  measured  and  calculated. 

The  measurements  on  the  resistance  bridge  11  are  the  minimum  necessary  to  supply  the  bridge  performance 
characteristics  required  to  solve  the  noted  equations.  Other  measurements  to  more  completely  determine  the  quality 

30  and  suitability  of  the  resistance  bridge  11  for  use  may  be  used.  These  measurements  are  typically  made  on  a  sensor 
assembly  which  has  completed  all  other  manufacturing  steps  with  the  exception  of  the  trimming  of  the  resistor  values 
in  its  compensation  network  31  . 

The  equations  discussed  determine  the  resistance  values  for  RT,  RO  and  RG,  to  compensate  the  resistance  bridge 
1  1  .  A  method  supplies  the  information  needed  to  calculate  the  proper  values  for  any  resistance  bridge  11  of  the  type 

35  described  herein.  The  flowchart  in  Figure  4  illustrates  the  method. 
A  method  for  compensating  temperature  dependent  and  fixed  offset  errors  of  the  resistance  bridge  1  1  has  the  step 

of  energizing  the  resistance  bridge  11  with  a  well  regulated  constant  current  source,  connected  across  the  power  input 
14  and  the  ground  reference  15.  Thereafter  the  step  of  measuring  the  offset  and  resistance  of  the  resistance  bridge 
1  1  after  bringing  the  resistance  bridge  1  1  to  a  first  temperature  T1  at  zero  pressure  and  allowing  the  system  to  equilibrate 

40  is  performed.  Following  this,  the  step  of  measuring  the  response  of  the  resistance  bridge  11  at  the  first  temperature 
T1  takes  place  after  applying  a  pressure  P1  across  the  diaphragm  of  the  resistance  bridge  11,  to  determine  the  unit 
change  in  the  output  of  the  resistance  bridge  11  with  pressure. 

Measuring  the  offset  and  resistance  of  the  resistance  bridge  11  after  bringing  the  resistance  bridge  11  to  a  second 
temperature  T2  at  zero  pressure  and  allowing  the  system  to  equilibrate  is  the  next  step.  The  method  includes  the  step 

45  of  determining  the  unit  change  in  the  output  and  resistance  of  the  resistance  bridge  11  with  temperature.  Then  the 
determinations  and  measurements  of  the  preceding  steps  are  used  to  calculate  the  values  for  the  single  resistor,  the 
other  single  resistor  and  the  gain  resistor  so  that  the  calculated  values  can  be  used  to  select  and  include  the  single 
resistor,  the  other  resistor  and  the  gain  resistor  in  the  compensation  network  to  correct  for  fixed  and  temperature 
dependent  parts  of  the  offset  error  and  variations  in  resistance  bridge  1  1  response  to  applied  pressure  at  the  resistance 

50  bridge  signal  outputs  16. 
The  preferred  method  has  the  steps  of: 
Energize  the  resistance  bridge  11  with  a  bridge  excitation  current  from  well  regulated  constant  current  source, 

connected  across  the  power  input  1  4  and  the  ground  reference  1  5.  This  magnitude  of  the  current  is  close  to  the  mag- 
nitude  of  the  bridge  excitation  output  current  23  in  normal  use  and  is  verifiable  by  independent  measurements. 

55  Bring  the  temperature  of  the  resistance  bridge  1  1  to  a  first  temperature  T1  and  allow  to  equilibrate.  With  the  pressure 
across  the  diaphragm  of  the  resistance  bridge  11  held  at  zero  pressure,  a  precision  voltmeter  measures  the  response 
across  the  signal  outputs  of  the  bridge.  This  response,  divided  by  the  bridge  excitation  current,  provides  the  bridge 
offset  term  OFF|.  The  precision  voltmeter  is  then  configured  to  measure  the  voltage  across  the  power  input  14  and  the 
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ground  reference  1  5  of  the  bridge.  This  voltage,  divided  by  the  bridge  excitation  current,  provides  the  bridge  resistance 
RB. 

Maintain  the  resistance  bridge  11  at  the  first  temperature  T1,  and  apply  a  regulated  pressure  P1  across  the  dia- 
phragm  of  the  resistance  bridge  11.  The  precision  voltmeter  measures  the  response  across  the  signal  outputs  16  of 
the  resistance  bridge  11.  This  response  is  first  divided  by  the  bridge  excitation  current.  The  difference  between  this 
value  and  the  calculated  value  of  OFF,  is  divided  by  the  magnitude  of  the  pressure  P1  to  provide  the  resistance  bridge 
sensitivity  term  S|. 

Bring  the  temperature  of  the  resistance  bridge  11  to  a  second  temperature  T2  and  allow  to  equilibrate.  The  second 
step  is  repeated  at  this  temperature,  and  terms  for  OFF|  and  RB  at  this  temperature  are  calculated.  The  difference 
between  the  OFF|  terms  at  the  two  temperatures,  divided  by  the  difference  between  the  two  temperatures,  provides 
the  temperature  coefficient  of  offset  term  TCO|.  The  difference  between  the  RB  terms  at  the  two  temperatures,  divided 
by  the  difference  between  the  two  temperatures,  provides  the  temperature  coefficient  of  resistance  term  TCRB. 

Maintain  the  resistance  bridge  11  at  the  second  temperature  T2  while  pressure  P1  is  re-applied  to  the  resistance 
bridge.  The  third  step  is  then  repeated  at  this  temperature  and  S|  at  this  temperature  is  calculated.  The  difference 
between  the  S|  terms  at  the  two  temperatures  divided  by  the  difference  between  the  two  temperatures,  is  used  to  verify 
that  the  temperature  coefficient  of  sensitivity  TCS|  has  been  effectively  minimized  by  the  use  of  a  constant  current 
excitation  source. 

Combine  values  calculated  for  the  selection  of  resistors  with  the  values  obtained  from  the  fixed  circuit  constants 
to  determine  the  appropriate  values  for  the  compensation  network  resistors  RT.  RO,  and  RG.  These  values  are  then 
selected  by  appropriate  means,  and  configured  in  the  sensor  assembly  according  to  the  circuit  schematic  shown  in 
Figure  2.  The  sensor  assembly  including  resistance  bridge  11  and  compensation  network  31  ,  is  then  suitably  configured 
to  be  connected  to  a  circuit  as  shown  in  Figure  2,  for  use  as  a  compensated  pressure  sensing  device. 

Claims 

1.  A  compensation  circuit  for  a  resistance  bridge  (11)  comprising 

a)  a  power  input  (1  4),  a  ground  reference,  a  positive  signal  output  and  a  negative  signal  output  of  the  resistance 
bridge  providing  a  response  across  the  signal  outputs  as  a  function  of  pressure  applied  to  the  resistance  bridge 
and  an  electrical  signal  applied  to  the  power  input; 

b)  an  offset  reference  generator  (19)  to  receive  a  fixed  circuit  reference  voltage  for  generating  a  reference 
offset  voltage; 

c)  an  excitation  signal  source  (22)  connected  across  the  power  input  and  the  ground  reference 

d)  a  buffer  amplifier  (24)  having  a  buffer  input  connected  to  the  power  input,  generating  a  buffer  output  voltage 
proportional  to  the  power  input  excitation  signal; 

e)  an  instrumentation  amplifier  (27)  connected  to  the  bridge  output  to  generate  an  output  proportional  to  the 
bridge  response; 

f)  a  compensation  network  (31)  having  an  offset  correction  part  (32)  to  receive  the  buffer  output  voltage  and 
the  ground  reference,  for  generating  an  initial  offset  current  having  temperature  dependent  and  fixed  parts, 
the  compensation  network  comprising  a  temperature  error  correction  resistor  (RT)  to  adjust  the  temperature 
dependent  part  of  the  offset  correction  input  signal  (26)  and  an  offset  error  correction  resistor  (RO)  to  adjust 
the  fixed  part  of  the  offset  correction  input  signal,  thereby  providing  the  temperature  dependent  and  fixed  parts 
of  the  initial  offset  signal  (33); 

g)  an  offset  correction  amplifier  (34)  for  receiving  the  initial  offset  current,  the  buffered  output  voltage,  and  the 
fixed  circuit  reference  voltage,  for  outputting  a  correction  signal  to  said  instrumentation  amplifier  to  counteract 
an  offset  error  in  the  bridge  output. 

2.  The  compensation  circuit  of  claim  1  wherein  the  offset  correction  amplifier  include  selected  and  configured  resistors 
to  allow  the  offset  correction  resistor  for  the  fixed  part  to  adjust  positive  or  negative  values  of  the  fixed  part  of  the 
offset  error  and  the  temperature  error  correction  resistor  for  the  temperature  dependent  part  to  adjust  positive  or 
negative  slope  of  the  temperature  dependent  part  of  the  offset  error. 

16 
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3.  The  compensation  circuit  of  claim  2  wherein  a  programmable  gain  amplifier  receives  the  initial  output  from  the 
instrumentation  amplifier  and  provides  a  compensated  output  which  is  independent  of  variations  in  the  resistance 
bridge  response  to  applied  pressure. 

5  4.  The  compensation  circuit  of  claim  3  wherein  a  gain  correction  part  of  the  compensation  network  has  a  gain  resistor 
used  to  adjust  the  gain  of  the  programmable  gain  amplifier  to  compensate  for  variations  in  the  resistance  bridge 
response  to  applied  pressure. 

5.  A  method  for  compensating  temperature  dependent  and  fixed  offset  errors  of  a  resistance  bridge  using  the  com- 
10  pensation  circuit  according  to  claim  4  and  having  the  following  steps: 

a)  Energize  the  resistance  bridge  with  a  well  regulated  constant  current  source,  connected  across  the  power 
input  and  the  ground  reference; 

is  b)  Measure  the  offset  and  resistance  of  the  resistance  bridge  after  bringing  the  resistance  bridge  to  a  first 
temperature  T1  and  at  zero  pressure,  and  allowing  the  system  to  equilibrate; 

c)  Measure  the  response  of  the  resistance  bridge  at  the  first  temperature  T1,  after  applying  a  pressure  P1 
across  the  diaphragm  of  the  resistance  bridge,  to  determine  the  unit  change  in  the  output  of  the  resistance 

20  bridge  with  pressure; 

d)  Measure  the  offset  and  resistance  of  the  resistance  bridge  after  bringing  the  resistance  bridge  to  a  second 
temperature  T2  and  at  zero  pressure,  and  allowing  the  system  to  equilibrate; 

25  e)  Determine  the  unit  change  in  the  output  and  resistance  of  the  resistance  bridge  with  temperature; 

f)  Use  the  determinations  and  measurements  of  steps  b  through  e  to  calculate  the  values  for  the  temperature 
error  correction  resistor  (RT),  the  offset  error  correction  resistor  (RO)  and  the  gain  resistor  (RG),  and 

30  g)  adjust  the  values  of  said  resistors  of  said  compensation  network  in  correspondance  to  said  calculated  values 

Patentanspriiche 

35  1.  Kompensationsschaltung  fur  eine  Widerstandsbrucke  (11),  mit 

a)  einem  Leistungseingang  (14),  einer  Referenz-Masse,  einem  positiven  Signalausgang  und  einem  negativen 
Signalausgang  der  Widerstandsbrucke,  die  iiber  die  Signalausgange  ein  Ausgangssignal  als  Funktion  eines 
auf  die  Widerstandsbrucke  ausgeubten  Druckes  und  eines  an  den  Leistungseingang  angelegten  elektrischen 

40  Signals  ausgeben; 

b)  einem  Offsetreferenzsignalgenerator  (19),  urn  eine  teste  Schaltkreis-Referenzspannung  zum  Erzeugen 
einer  Referenz-Offsetspannung  zu  erhalten; 

45  c)  einer  iiber  den  Leistungseingang  und  die  Referenz-Masse  angeschlossenen  Erregungssignalquelle  (22); 

d)  einem  Pufferverstarker  (24),  der  einen  mit  dem  Leistungseingang  verbundenen  Puffereingang  aufweist  und 
eine  Pufferausgangsspannung  erzeugt,  die  dem  Leistungseingangs-Erregungssignal  proportional  ist; 

so  e)  einem  Instrumenten-Verstarker  (27),  der  mit  dem  Brukkenausgang  verbunden  ist,  urn  ein  dem  Brucken- 
Ausgangssignal  proportionales  Ausgangssignal  zu  erzeugen; 

f)  einem  Kompensationsschaltkreis  (31)  mit  einem  die  Pufferausgangsspannung  und  die  Referenzmasse- 
Spannung  empfangenden  Offsetkorrekturschaltungsteil  (32)  zum  Erzeugen  eines  Anfangs-Offset-Stroms  mit 

55  temperaturabhangigen  und  festen  Komponenten,  wobei  der  Kompensationsschaltkreis  einen  Temperaturfeh- 
lerkorrekturwiderstand  (RT)  zum  Einstellen  der  temperaturabhangigen  Komponente  des  Offsetkorrektur-Ein- 
gangssignals  (26)  und  einen  Offsetfehler-Korrekturwiderstand  (RO)  zum  Einstellen  der  festen  Komponente 
des  Offsetkorrektur-Eingangssignals  aufweist,  wodurch  die  temperaturabhangigen  und  festen  Komponenten 
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des  Anfangs-Offsetsignals  (33)  erzeugt  werden; 

g)  einem  Offsetkorrekturverstarker  (34),  der  den  Anfangs-Offset-Strom,  die  gepufferte  Ausgangsspannung 
und  die  teste  Schaltungkreis-Referenzspannung  empfangt,  urn  an  den  Instrumenten-Verstarker  ein  Korrek- 

5  tursignal  auszugeben,  das  einem  Offsetfehler  in  dem  Briicken-Ausgangssignal  entgegenwirkt. 

2.  Kompensationsschaltung  nach  Anspruch  1  ,  bei  dem  der  Offsetkorrekturverstarker  gewahlte  und  konfigurierte  Wi- 
derstande  enthalt,  die  ermoglichen,  iiber  den  Offsetkorrekturwiderstand  fur  die  teste  Komponente  positive  oder 
negative  Werte  der  festen  Komponente  des  Offsetfehlersignals  einzustellen,  und  iiber  den  Temperaturfehlerkor- 

10  rekturwiderstand  fur  die  temperaturabhangige  Komponente  eine  positive  oder  negative  Steigung  der  temperatur- 
abhangigen  Komponente  des  Offsetfehlersignals  einzustellen. 

3.  Kompensationsschaltung  nach  Anspruch  2,  bei  dem  ein  Verstarker  mit  programmierbarem  Verstarkungsfaktor  das 
Anfangs-Ausgangssignal  von  dem  Instrumenten-Verstarker  empfangt  und  ein  kompensiertes  Ausgangssignal  er- 

15  zeugt,  das  unabhangig  von  den  auf  den  aufgebrachten  Druck  hin  erfolgenden  Abweichungen  des  Widerstands- 
briicken-Ausgangssignals  ist. 

4.  Kompensationsschaltung  nach  Anspruch  3,  bei  dem  ein  Verstarkungsfaktorkorrekturschaltungsteil  des  Kompen- 
sationsschaltkreises  einen  Verstarkungsfaktor-Widerstand  aufweist,  der  zum  Einstellen  des  Verstarkungsfaktors 

20  des  Verstarkers  mit  programmierbarem  Verstarkungsfaktor  verwendet  wird,  urn  die  auf  den  aufgebrachten  Druck 
hin  erfolgenden  Abweichungen  des  Widerstandsbriicken-Ausgangssignals  zu  kompensieren. 

5.  Verfahren  zum  Kompensieren  temperaturabhangiger  und  fester  Offsetfehler  einer  Widerstandsbrucke  unter  Ver- 
wendung  der  Kompensationsschaltung  nach  Anspruch  4,  mit  den  folgenden  Schritten: 

25 
a)  Aktivieren  der  Widerstandsbrucke  durch  eine  gut  geregelte  Konstantstromquelle,  die  mit  dem  Leistungs- 
eingang  und  der  Referenz-Masse  verbunden  ist; 

b)  Messen  des  Offsetfehlers  und  des  Widerstandes  der  Widerstandsbrucke,  nachdem  die  Widerstandsbrucke 
30  auf  eine  erste  Temperatur  T1  und  Null-Druck  gebracht  worden  ist,  und  Ermoglichung  der  Abgleichung  des 

Systems; 

c)  Messen  des  Ausgangssignals  der  Widerstandsbrucke  bei  der  ersten  Temperatur  T1  nach  dem  Aufbringen 
eines  Druckes  P1  auf  die  Membran  der  Widerstandsbrucke,  urn  die  einheitsbezogene  Veranderung  des  Aus- 

35  gangssignals  der  Widerstandsbrucke  unter  Druckeinwirkung  zu  bestimmen; 

d)  Messen  des  Offsetfehlers  und  des  Widerstandes  der  Widerstandsbrucke,  nachdem  die  Widerstandsbrucke 
auf  eine  zweite  Temperatur  T2  und  Null-Druck  gebracht  worden  ist,  und  Ermoglichung  der  Abgleichung  des 
Systems; 

40 
e)  Bestimmen  der  einheitsbezogenen  Veranderung  des  Ausgangssignals  und  des  Widerstandes  der  Wider- 
standsbrucke  unter  Temperatureinwirkung; 

f)  Verwenden  der  in  den  Schritten  b  bis  e  bestimmten  und  gemessenen  Werte  zum  Berechnen  der  Werte  fur 
45  den  Temperaturfehlerkorrekturwiderstand  (RT),  den  Offsetfehlerkorrekturwiderstand  (RO)  und  den  Verstar- 

kungsfaktor-Widerstand  (RG),  und 

g)  Einstellen  der  Werte  der  Widerstande  des  Kompensationsschaltkreises  entsprechend  den  berechneten 
Werten. 

50 

Revendications 

1.  Circuit  de  compensation  pour  un  pont  de  mesure  de  resistance  (11)  comprenant 
55 

a)  une  entree  d'alimentation  (14),  une  reference  de  masse,  une  sortie  de  signal  positive  et  une  sortie  de  signal 
negative  du  pont  de  mesure  de  resistance  fournissant  une  reponse  entre  les  sorties  de  signal  en  fonction 
d'une  pression  appliquee  au  pont  de  mesure  de  resistance  et  d'un  signal  electrique  applique  a  I'entree  d'ali- 

18 



EP  0  482  487  B1 

mentation; 
b)  un  generateur  de  reference  de  decalage  (19)  destine  a  recevoir  une  tension  de  reference  fixe  du  circuit 
pour  produire  une  tension  de  decalage  de  reference; 
c)  une  source  de  signaux  d'excitation  (22)  branchee  entre  I'entree  d'alimentation  et  la  reference  de  masse, 
d)  un  amplificateur  tampon  (24)  possedant  une  entree  de  tampon  raccordee  a  I'entree  d'alimentation,  et  pro- 
duisant  une  tension  de  sortie  de  tampon  proportionnelle  au  signal  d'excitation  de  I'entree  d'alimentation; 
e)  un  amplificateur  d'instrumentation  (27)  connecte  a  la  sortie  du  pont,  pour  produire  un  signal  de  sortie  pro- 
portionnel  a  la  reponse  du  pont; 
f)  un  reseau  de  compensation  (31)  possedant  une  partie  de  correction  de  decalage  (32)  destinee  a  recevoir 
la  tension  de  sortie  de  tampon  et  la  reference  de  masse,  pour  produire  un  courant  initial  de  decalage  possedant 
une  partie  dependant  de  la  temperature  et  une  partie  fixe,  le  reseau  de  compensation  comprenant  une  resis- 
tance  (RT)  de  correction  d'erreur  de  temperature  pour  regler  la  partie,  dependant  de  la  temperature,  du  signal 
d'entree  de  correction  de  decalage  (26)  et  une  resistance  (RO)  de  correction  d'erreur  de  decalage  pour  regler 
la  partie  fixe  du  signal  d'entree  de  correction  de  decalage,  fournissant  ainsi  la  partie  dependant  de  la  tempe- 
rature  et  la  partie  fixe  du  signal  de  decalage  initial  (33); 
g)  un  amplificateur  de  correction  de  decalage  (34)  destine  a  recevoir  le  courant  de  decalage  initial,  la  tension 
de  sortie  tamponnee  et  la  tension  de  reference  fixe  du  circuit,  pour  delivrer  un  signal  de  correction  audit  am- 
plificateur  d'instrumentation  de  maniere  a  s'opposer  a  une  erreur  de  decalage  dans  le  signal  de  sortie  du  pont. 

Circuit  de  compensation  selon  la  revendication  1  ,  dans  lequel  I'amplificateur  de  correction  de  decalage  comprend 
des  resistances  selectionnees  et  conformees  pour  permettre  a  la  resistance  de  correction  de  decalage,  prevue 
pour  la  partie  fixe,  de  regler  des  valeurs  positive  ou  negative  de  la  partie  fixe  de  I'erreur  de  decalage,  et  permettre 
a  la  resistance  de  correction  d'erreur  de  temperature,  prevue  pour  la  partie  dependant  de  la  temperature,  de  regler 
une  pente  positive  ou  negative  de  la  partie,  dependant  de  la  temperature,  de  I'erreur  de  decalage. 

Circuit  de  compensation  selon  la  revendication  2,  dans  lequel  un  amplificateur  a  gain  programmable  recoit  le  signal 
de  sortie  initial  de  I'amplificateur  d'instrumentation  et  delivre  un  signal  de  sortie  compense,  qui  est  independant 
de  variations  dans  la  reponse  du  pont  de  mesure  de  resistance  a  la  pression  appliquee. 

Circuit  de  compensation  selon  la  revendication  3,  dans  lequel  une  partie  de  correction  de  gain  du  reseau  de 
compensation  possede  une  resistance  de  gain  utilisee  pour  ajuster  le  gain  de  I'amplificateur  a  gain  programmable, 
afin  de  compenser  des  variations  dans  la  reponse  du  pont  de  mesure  de  resistance  a  la  pression  appliquee. 

Procede  pour  compenser  une  erreur  de  decalage  dependant  de  la  temperature  et  une  erreur  de  decalage  fixe 
d'un  pont  de  mesure  de  resistance  en  utilisant  le  circuit  de  compensation  selon  la  revendication  4,  et  comprenant 
les  etapes  suivantes  consistant  a  : 

a)  exciter  le  pont  de  mesure  de  resistance  avec  une  source  de  courant  constant  correctement  regulee,  bran- 
chee  entre  I'entree  d'alimentation  et  la  reference  de  masse; 
b)  mesurer  le  decalage  et  la  valeur  resistive  du  pont  de  mesure  de  resistance  apres  avoir  place  le  pont  de 
mesure  de  resistance  a  une  premiere  temperature  T1  et  a  une  pression  nulle,  et  avoir  laisse  le  systeme  s'equi- 
librer; 
c)  mesurer  la  reponse  du  pont  de  mesure  de  resistance  a  la  premiere  temperature  T1,  apres  I'application 
d'une  pression  P1  sur  la  membrane  du  pont  de  mesure  de  resistance,  pour  determiner  la  variation  unite  du 
signal  de  sortie  du  pont  de  mesure  de  resistance  en  fonction  de  la  pression; 
d)  mesurer  le  decalage  et  la  valeur  resistive  du  pont  de  mesure  de  resistance  apres  avoir  place  le  pont  de 
mesure  de  resistance  a  une  seconde  temperature  T2  et  a  une  pression  nulle,  et  avoir  laisse  le  systeme  s'equi- 
librer; 
e)  determiner  la  variation  unite  du  signal  de  sortie  et  de  la  valeur  resistive  du  pont  de  mesure  de  resistance 
en  fonction  de  la  temperature; 
f)  utiliser  les  determinations  et  mesures  des  etapes  b  a  e  pour  calculer  les  valeurs  pour  la  resistance  (RT)  de 
correction  d'erreur  de  temperature,  la  resistance  (RO)  de  correction  d'erreur  de  decalage  et  la  resistance  de 
gain  (RG),  et 
g)  regler  les  valeurs  desdites  resistances  dudit  reseau  de  compensation  en  correspondance  avec  lesdites 
valeurs  calculees. 
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